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Introduction
Exploitation and utilization of energy resources within the state of Alaska has predominantly and historically centered on its abundance of fossil-fuel deposits including oil, natural gas, and coal. Within the last decade, however, renewable energy technologies have been deployed across the state for both demonstration purposes and commercial ventures (REAP 2016) . This diversification of energy sources has been driven from at least three primary factors: (1) the economic exposure of many Alaskan communities to oil price fluctuations and other petroleum market influences (2) technological advancements and reductions in the cost of renewable energy equipment, and (3) efforts to improve self-sufficiency for remote Alaskan communities. Due to these factors and more, renewable energy resources are increasingly being considered to meet Alaska's energy needs (Foster et al. 2013 ).
Renewable energy technologies used in Alaska have included small and large hydroelectric facilities, utilityscale and distributed wind generation, geothermal and air heat pumps, and woody biomass for electricity and heating (REAP 2016 , CCHRC 2016 . In addition to these endemic natural resources, a previously dismissed but pervasive form of renewable energy is also increasingly being analyzed and deployed in Alaska: solar electricity generated from photovoltaic (PV) panels.
The lack of historical solar energy development in Alaska is due to a multitude of factors, but not surprisingly starts with one fundamental problem: minimal to no sunlight in the winter months, particularly for the northern latitudes. Of course, Alaska also experiences prolonged and sunlight rich summer days, but many of the biggest energy needs arise during the cold and dark months of winter. Despite this seemingly obvious barrier for solar electricity in Alaska, upon deeper examination there are several factors that may support the deployment of solar energy in particular locations across the state.
First, Alaska is an immense state with a large geographic range along both the north-to-south and east-to-west directions. Many Alaskans will proudly and dryly note that if one was to hypothetically cut the state into two, Texas would be only the third largest state in the Union. This expansive and diverse geographic range means that there are significant differences in both the amount and seasonal variation of the solar resource across the state. Additionally many of the meteorological conditions experienced in certain regions of Alaska can actually be beneficial to solar energy production, including low ambient temperatures that improve the efficiency of solar modules and the reflectivity of sunlight off of snow cover on the ground. As shown in Figure 1 , the solar resource (i.e., the amount of solar insolation received in kilowatt-hours (kWh)/square meters (m 2 )/day) in some regions of Alaska is at-least comparable to that of Germany, which leads the world in PV installations with more than 38,500 megawatts (MW) of solar installed as of October 2015 (Wirth 2015) . Source: Billy J. Roberts, National Renewable Energy Laboratory (NREL) Second, both the expected monthly solar production and the seasonal load profile of communities can vary significantly across Alaska, meaning some communities may be better suited for solar production than others. Figure 2 shows the percentage of expected annual solar production by month across the Arctic, Interior, Southwest, and Southeast geographic regions of Alaska.
3 The Arctic and Interior regions of Alaska could expect high solar production predominantly from March through August, with a steep drop off in the shoulder months and little to no production in the winter. The Southeast and Southwest regions of Alaska show a more gradual transition of solar production levels from the sunlight rich spring and summer months to the shortening days of fall and winter. Although the electricity load peaks for many Alaska Native villages in the winter months when solar is minimally producing, these villages are also often running primarily on dieselbased generation during summer months for basic electricity needs such as lighting, refrigeration, cooking, and electronics when solar PV energy could offset fossil-fuel consumption. Furthermore, despite the cold and dark winters in Alaska that result in high energy demands, some Alaska communities have summer-peaking energy demands primarily because of commercial fishing activities and higher seasonal populations in the summer, which is generally compatible with solar availability. Lastly, and perhaps most significantly, Alaska has more than 175 remote village populations that rely almost exclusively on diesel fuel for electricity generation and heating oil for heat (Goldsmith 2008 , AEA 2014a (Gerdes 2015) . Unprocessed crude oil extracted within the state is transported via the TransAlaska pipeline from the North Slope to refineries in the Interior and South-Central regions of Alaska and then delivered locally as diesel and gasoline to rural communities a few times per year. Most fuel deliveries to remote communities are made via barge, ice road, or air transport, which also contributes to the high local prices for diesel and gasoline. 5 The local markup to retail pricing also adds to the "all-in" prices for fuel in rural villages. Due to these and other factors, electricity generated by diesel fuel in some rural communities can be $1.00/kilowatt-hour (kWh) or more, which is more than 8 times the national average of $0.12/kWh (AEA 2014a, EIA 2014). As described later in this report, the State of Alaska has enacted various programs for both renewable and diesel energy sources to help reduce the energy costs in rural Alaska, but many of these programs are limited to certain sectors, or are increasingly under scrutiny with the budget difficulties being experienced by the state (AEA 2016a , AEA 2016b , Johnson 2015 .
For these reasons and more, alternative forms of electricity generation including solar PV are increasingly being pursued in remote Alaska communities (see Figure 3 for examples of solar PV recently installed in the Northwest Arctic Borough). This analysis provides a high-level examination of the potential economics of solar energy in rural Alaska across a geographically diverse sample of remote villages throughout the state. It analyzes at a high level what combination of diesel fuel prices, solar resource quality, and PV system costs could lead to an economically competitive moderate-scale PV installation at a remote village. The goal of this analysis is to provide a baseline economic assessment to highlight the possible economic opportunities for solar PV in rural Alaska for both the public and private sectors. The state of Alaska is well known for its long summer days and prolonged winter nights. Given the immense size of the state from the Northern to Southern latitudes, however, there is a wide range of expected daylight hours throughout the state. For example, on the shortest day of the year the capital city of Juneau located in the South can expect 6 hours, 22 minutes of daylight while the Northern city of Barrow is in the midst of 67 straight days of total winter darkness (Alaska.org 2015). To highlight the seasonal sun path variations of one region of Alaska compared to a representative point in the contiguous 48 United States (lower 48 states), Figure 4 below shows the sun's path for Kotzebue, Alaska, located in the Northwest Arctic Borough, compared to Denver, Colorado, which is an approximate latitudinal mid-point of the lower 48 states. This figure shows both the spring and fall equinoxes when the total length of day and night are equal across the globe and the summer and winter solstices when the longest and shortest days of the year occur.
The path of the sun's altitude for Kotzebue illustrates how the sun never falls completely below the horizon on the summer solstice, while on the winter solstice, it never quite rises above. The shape of the sun's path for Kotzebue also illustrates a flatter and more gradual curve compared to the relatively steep curve for Denver. While solar electricity production in Kotzebue would be minimal during the winter months, the long summer days would provide a period of extended production. The spring and fall months would also produce a moderate amount of solar electricity and benefit from low ambient temperatures and increased production from sunlight reflected off of snow cover on the ground. 
Analysis Description and Limitations
This analysis examines the economics of solar electricity at a sampling of 11 remote villages across the state. The villages were selected to represent major geographical regions across the state including the Arctic Slope, the Interior, the Southwest, the Southeast, and the Aleutian Islands. In general, these regional variations were selected to capture the variations in meteorological conditions across the state, different delivery options, and possible ranges in diesel fuel prices. All of the villages are off of Alaska's road system. The villages included in this analysis include Adak, Ambler, Anaktuvuk Pass, Hughes, Kasigluk, Shungnak, St. Paul, Tenakee Springs, Venetie, Yakutat, and Wainwright. Figure 5 shows the location of each of the 11 villages across the state and their estimated solar insolation. Source: Billy J. Roberts, NREL
The analysis uses the levelized cost of electricity (LCOE) as a metric to compare the costs of solar electricity to diesel fuel rates, reported in cents per kilowatt-hour. LCOE is a metric that takes the entire lifecycle expenditures of an energy technology including capital costs, transportation, operating, and fuel costs (zero for solar) discounted to the present term and divided by the expected annual energy production of the energy system. While there is not a single universally accepted definition or methodology to calculate LCOE, in its basic form LCOE is often used to compare the cost of different energy technologies that can have very different cost and generation profiles (i.e., capital intensive versus operational intensive, project life, fuel costs, etc.). A common criticism for LCOE is that it does not differentiate between energy sources that are generally considered non-variable such as diesel generation from variable energy sources such as wind or solar energy. Moreover, project-level feasibility and economic evaluations are not typically made with just one metric, but instead incorporate a variety of analytical criteria including LCOE, net present value, internal rate of return, payback period, and a benefit to cost ratio, among others. For these reasons and more, LCOE is a useful though not singular metric to compare the cost of solar to the fuel-only cost of diesel generation (EIA 2015).
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To conduct the analysis, a spreadsheet-based pro-forma tool was created to calculate the LCOE for solar PV systems. This model was based on a simplified version of NREL's Cost of Renewable Energy Spreadsheet Tool that allows for basic LCOE evaluations and includes capital, operating, and financial costs, performance and inflation adjustments, as well federal, state, and local policy support schemes (NREL 2011) . This model includes the ability to model the economically significant federal tax benefits given to solar energy technologies such as the 30% investment tax credit and accelerated depreciation. The model used in this analysis was tested and reviewed by two outside entities. 9 See Appendix A for more information on the model used in this analysis.
Analysis Limitations
It is important to note that there are many factors that will impact both the technical and economic characteristics of solar electricity, which are beyond the scope of this initial analysis. From a technical standpoint, this analysis does not explicitly consider the impact of integrating high penetration levels of variable solar electricity with a baseload diesel generation system. Instead, this analysis makes a few simplifying assumptions on integrating solar and diesel generation:
• First, the analysis assumes that a kilowatt-hour produced from solar electricity is able to offset a kilowatt-hour produced from diesel generation. This one-to-one offset may not always be achievable as diesel generators are often most fuel-efficient at a given power level and generation from PV could impact the generator's power level and thus fuel efficiency. Moreover, because diesel generators provide both energy (i.e., kilowatt-hours of generation) as well as other grid services such as voltage and frequency regulation, this analysis assumes that some level of diesel generation will always be running for grid operations and is not attempting to model a "diesel-off" scenario.
• Second, the analysis also assumes the PV system would be sized small enough relative to the existing diesel generator to not require extensive energy storage systems (i.e., batteries) to integrate the solar and diesel generators. 10 As shown previously in Figure 3 , the Northwest Arctic Borough recently installed a series of PV arrays at water treatment plants in remote regional villages using PV system designs that smooths the daily solar generation profile and thus integrates more easily with the existing diesel generators. Furthermore, comparatively smaller integration upgrades such as advanced power electronics and controls installed at either the diesel powerhouse or at the PV system are assumed to be utilized and implicitly included into the all-in PV system price. As an example, a 2014 study conducted by the Alaska Center for Energy and Power found that a remote Alaskan village with a peak load of about 1.1 MW could accommodate a 135-kW PV system with no control system upgrades, and a 205-kW PV system with some control system upgrades (Mueller-Stoffels 2014).
11
Conversely, whole system upgrades, or a new, but smaller diesel generator is not assumed to be included in the all-in PV system price.
From an economic standpoint, this analysis also does not attempt to examine the interplay of state-derived financial relief of diesel fuel purchases by remote villages through its Power Cost Equalization (PCE) program. Instead it makes a simplifying assumption that PV would be targeted at installations not eligible for PCE such as commercial businesses, schools, or state or federal buildings.
12 Although the simplifying assumptions incorporated here are useful for the purposes of this high-level investigation, more research is required in order to further refine the analysis and provide project-specific economic feasibility. 10 Existing research has attempted to quantity what levels of PV integration would require extensive integration costs for a single village, though more investigation is required for broader applicability (Jensen et al. 2013 , Mueller-Stoffels 2015 . 11 The range of installed costs for the PV systems described in the Data Inputs Assumptions Section is likely sufficiently wide enough to include at least one case where the control upgrades are included in the PV system pricing. 12 See Sidebar 2 for more information on the Power Cost Equalization program.
Sidebar 2. Power Cost Equalization and Renewable Energy
In Alaska, a long-standing state policy program known as Power Cost Equalization attempts to equalize electricity costs between high-cost rural communities with comparatively cheaper urban population centers connected by the rail and road system from Fairbanks in the Interior through Anchorage to Homer in the SouthCentral region (known as the "Railbelt") and Juneau in the Southeast. The PCE program provides significant financial relief to many of the rural communities throughout Alaska, in particular those not on the rail or road system, by using a state endowment fund to subsidize rural electricity rates to be in-line with rates experienced in the Railbelt and Southeast Regions. Although several components contribute to the PCE rate amount, a sizable portion of it is determined from the cost of diesel fuel used to generate electricity in eligible remote Alaskan communities (AEA 2014b). In this sense the PCE has been suggested by some as a financial disincentive for rural Alaskan communities to reduce their diesel dependency as doing so can also reduce the amount of PCE financial support (Hirsch 2015 , Fay et al. 2012 . Others note that the impacts from a renewable energy installation on PCE payments can be more pronounced on certain customer classes than others and a more nuanced assessment is appropriate (Drolet 2014) . In any case, the current PCE structure has unquestionably led to a debate around if, how, and to what extent the economic value of renewable energyprincipally the ability offset diesel fuel costs-is restricted by the PCE.
As mentioned above, this analysis does not dive into the complex assessment of determining the net impact of renewable energy to diesel savings to PCE subsidies at the village level. Instead it makes a simplifying assumption that under the current PCE structure, the solar installation is logically targeted at a facility not currently eligible for PCE. These non-PCE eligible facilities include schools, local businesses such as a village or Native corporation, or state and federal facilities (AEA 2014b ). An early example of this type of installation is the 16.8-kW system installed at Bering Straits Native Corporation in Nome in 2008, shown on the left in Figure 6 (AEA 2016c). Another example is the 6.7-kW PV project (originally installed in 2012 and expanded to more than 10 kW in 2015) developed on the school in Galena, Alaska, shown on the right in Figure 6 (Galena 2012, Pelunis-Messier 2015). Given that schools are among the largest energy users at many remote village communities, schools seem like an especially likely candidate for solar PV installations without impacting PCE as it is currently structured. This section briefly describes each of the data sources used for this analysis and presents the range of input cost parameters tested.
Input Parameters for Diesel Generation Costs
For diesel-based generation, this analysis focuses principally on the costs attributed to purchasing and transporting the diesel fuel used to run the village's electricity generators (i.e., "fuel costs"). Other fixed costs (i.e., "non-fuel costs") also contribute to the overall electricity prices; however, because these non-fuel costs would likely not be offset by adding solar generation, they are ignored for purposes of this analysis.
13
Examples of non-fuel costs excluded from this analysis are the capital and operations and maintenance (O&M) costs for a diesel generator and a utility's administrative charges.
The costs for wholesale diesel fuel prices in remote Alaskan villages are comprehensively reported by the Alaska Energy Authority (AEA) in their annual report "Power Cost Equalization Program Statistical Data by Community" for the years 2013 and 2014 (AEA 2014a, AEA 2015).
14 Utility purchases of diesel fuel for electricity generation at remote villages are typically made at wholesale rather than retail rates. The 11 villages included in this analysis present a wide range of wholesale diesel fuel costs. For example, wholesale diesel fuel prices range from a low of $3.95/gallon (gal) in Wainwright up to $6.90/gal in Ambler in 2014. 15 There was no consistent trend for fuel prices across the 11 villages from 2013 to 2014. Some village's diesel fuel prices stayed relatively flat or even decreased while others increased substantially. This price variation could be due to several factors including oil commodity price fluctuations throughout the course of the year, fuel purchase prices that may or may not have been locked-in a year or more in advance, cost factors from logistical and transportation challenges from one year to the next, 16 or simple reporting errors.
17 Given these cost fluctuations from year to year, this analysis uses the reported diesel price points for a village as illustrative rather than precise. 13 See the Analysis Description and Limitations Section for a discussion on the costs associated with integrating the diesel and solar systems. 14 The reporting period for this report is through the end of June in the preceding year. Prices are shown in nominal dollars. 15 The years 2013 and 2014 were included in the analysis as these were the only years that a comprehensive data source with a consistently applied methodology was available. Note that the 2015 version of the AEA Power Cost Equalization Program Statistical Data by Community report was released in February 2016, shortly before the publication of this report (AEA 2016d). The analysis in this report does not incorporate the AEA 2015 data. 16 Ambler and Shungnak, for example, receive fuel shipments via barge in some years and through air transport in others. Although the most familiar reporting term for diesel fuel prices is in dollars per gallon, in the context of electricity generation a different cost metric is used here. AEA reports the "fuel cost per kilowatt-hour sold" ($/kWh) metric for any village that receives energy price support through the PCE program. Figure 8 shows a screenshot and callout of the fuel cost per kWh data reported for the village of Anaktuvuk Pass in the AEA report (AEA 2015) . For this analysis, the fuel cost per kWh sold metric is compared to the calculated solar LCOE. Note that the terms "diesel costs", "diesel electricity costs", or "diesel fuel costs" are used interchangeably in this narrative to represent the "fuel costs per kWh sold" metric. 
Input Parameters for Solar Electricity Generation
There are three primary data inputs used to estimate the solar LCOE: (1) the all-in installation costs for a solar PV system, (2) the ongoing O&M costs for the PV system, and (3) solar resource estimates to determine the amount of electricity produced at a given location. The input parameters for the solar resource estimates are described first followed by the solar cost estimates (both installation and O&M).
This analysis uses PVWatts to simulate solar electricity production at a given village under study (NREL 2015) . PVWatts utilizes the NREL National Solar Radiation database and combines solar radiation data with weather data for the years 1991-2010 to estimate a PV system's electricity production. For this analysis, the closest available meteorological data was used to determine the electricity production at each of the 11 villages.
18 Figure 9 shows a PVWatts screenshot of the village of Adak, which had data available for that exact location. 18 Five of the eleven villages had weather and solar resource data available in PVWatts. The remaining six villages were based on data from the nearest available data collection site, which ranged from 24 to 117 miles from the village under analysis. After selecting the exact or nearest location, PVWatts requires a few basic assumptions about the PV system to estimate the solar electricity production at a given site. These assumptions include system size, module type (standard or premium), mounting type (roof versus ground mounted), expected losses, 19 orientation, and others. For this analysis, a 100-kW system size was assumed with an open rack-mounting system common for ground-mounted systems. Figure 10 shows a screenshot of the estimated annual kilowatt-hour production for a 100-kW PV system in Adak, Alaska (67,949 kWh per year). To estimate the solar production for a 100-kW system at all 11 villages, the process shown in Figures 8, 9 , and 10 was simply repeated for each of the villages. The solar system PV cost estimates used in this analysis are based on approximate multiples of PV pricing reported in the lower 48. Lawrence Berkeley National Laboratory reports a 100-kW commercial-scale PV system at a median price point of approximately $3.40/watt (W) in the first half of 2015 (Barbose et al. 2015) . As prices continued to fall in the second half of 2015 and 2016, this analysis assumes a flat $3/W pricing as the lower 48 base level price, which is then increased to account for higher costs for nearly all goods and services in remote Alaskan communities. This analysis multiplies the lower 48 base level price by 2, 3, or 4 times to get a range of estimates for remote village pricing. These multiples correspond to $6/W, $9/W, and $12/W for low-cost, base-case, and high-cost cases respectively. There is some limited evidence of PV installed pricing at both the low and high end of the range presented in Table 1 . For example, Pelunis-Messier 2014 reports PV installed at approximately $5/W, Mathiasson 2015a indicates that ten small sized PV projects ranged in pricing from nearly $6/W to over $11/W, and Irwin 2013 cites a 2013 installation at nearly $11/W. Given this wide variation in pricing, this analysis uses a range of possible Alaskan village PV costs rather than a single point estimate as there is significant uncertainty in both the low and high end of the installed PV price ranges in the remote village locations.
The O&M costs are treated in a similar fashion. Assuming a lower 48 cost of $20/kW per year for O&M expenditures, the low-cost, base-case, and high-cost cases for remote Alaskan villages is estimated at $40/kW/year, $60/kW/year, and $80/kW/year respectively. Given this cost comparison over time, several factors contribute to an improving relative economic case over time for solar PV. First, solar PV price declines exhibited both predictability and an overall declining cost path. Conversely, diesel prices have been more volatile and have shown an overall increase from 2002 to 2015. Unpredictability in diesel fuel costs makes long-term village electricity cost projections difficult to manage. As a repercussion, some villages have locked in future diesel fuel purchases at a previous year's pricing and therefore are not paying current market rates (both on a premium or a discount). Moreover, even while diesel fuel prices are currently lower than any time since 2003, there are other ramifications of the low commodity price. Perhaps most noteworthy is that Alaska's state budget has been drastically reduced from the low price of oil. This means that many state funded programs could be at risk in the current budget environment, including ones targeted at rural communities such as PCE (Johnson 2015 and Forgey 2015) . Moreover, as described later, several sources are predicting a rise in diesel rates as soon as mid-year 2016 (EIA 2016b). Solar PV can therefore offer a pricing hedge against the volatile nature of diesel fuel prices and potential changes to PCE that could impact remote communities. '02 '03 '04 '05 '06 '07 '08 '09 '10 '11 '12 '13 '14 '15 Diesel Solar PV Table 1 presents the solar capital and O&M cost estimates for a low-, base-, and high-cost scenario. Figure 12 visually captures the at-times difficult conditions of installing and maintaining all types of equipment, including PV, in remote Alaska. The occasionally harsh conditions contribute in part to the uncertainty in costs of installing and maintaining different energy generation technologies in remote communities and thus, the wide ranges of input parameters used. Figure 12 . Servicing a PV system in remote Alaska Source: Bensin 2015 Table 2 shows the annual kilowatt-hour production for a 100-kW system installed across the 11 villages. The capacity factor is also shown for illustrative purposes. Source: NREL 2015 Table 3 summarizes the wholesale diesel fuel cost data gathered for the 11 villages in this analysis. Because diesel fuel is a world commodity with constantly changing prices, price data from both 2013 and 2014 are included in this analysis and represent the range of years in which the comprehensive and consistent data source is available. 22 While the continued drop in oil and diesel fuel rates experienced in 2015 is not captured in AEA 2014a and AEA 2015, some analytical projections indicate that diesel commodity prices will begin to rise in mid-2016 (EIA 2016b). Future research could provide an update to the results presented here based the most current pricing data available for both diesel fuel and installed solar PV prices. Finally, the utilization of federal tax benefits such as the 30% investment tax credit and accelerated depreciation benefit are assumed in this analysis. In the lower 48, nearly all PV projects of the scale considered here (small commercial at 100 kW) will utilize federal tax incentives for renewable energy as part of the project's overall economic value. In the context of Alaska, however, this concept is still relatively nascent with little precedent, but is gaining attention as state-based dollars for grants (which generally reduce the inherent value of federal tax credits) are expected to diminish in the coming years following reduced oil revenue flowing into the state (Johnson 2015) . The utilization of for-profit business ownership structures adapted to Alaska's unique business climate will likely be a critical market requirement to expanding solar development in the state.
Summary of Input Assumptions
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23 Diesel fuel price inputs shown in 2014 dollars. 24 As mentioned previously, a data reporting error for Hughes in 2013 likely contributes to the high cost shown for 2013 (AEA 2014a) .
This data outlier is excluded from the results and conclusion discussion. Figure 13 presents the LCOE results for solar PV under the low-cost, base-case, and high-cost scenarios across the 11 villages analyzed. 25 The LCOE under each PV pricing scenario is shown as a different shade of blue. As an example, for the village of Venetie the low-cost scenario of $6/W results in an LCOE of just under 40 cents/kWh; the base-case scenario of $9/W results in an LCOE of approximately 60 cents/kWh; and the high-cost scenario of $12/W results in an LCOE of nearly 80 cents/kWh. Figure 13 also shows the diesel fuel costs per kilowatt-hour for each of the 11 villages in 2013 and 2014. Several interesting findings emerge from comparing the range of PV cost estimates ($6/W to $12/W) to the 2013 and 2014 fuel-only diesel electricity costs.
Analysis Results
First, a select number of villages experience diesel electricity generating costs high enough that they are approaching or nearly on par with the LCOE from even the highest PV cost scenarios. These cases include Venetie for both 2013 and 2014 and Shungnak based on reported 2014 diesel prices.
26 Under these cases, achieving cost savings from a PV installation appears among the most likely scenarios as PV installation prices of $9/W or more could be cost competitive with the reported diesel electricity generating costs. PV pricing falling below $9/W would show a larger economic savings.
Second, several other villages also show cases where diesel prices are still high enough that PV could potentially compete economically at the low-cost PV price scenario of $6/W. In addition to the high cost examples mentioned above, these villages include Ambler (2014), Shungnak (2013), Anaktuvak Pass (2014), Kasigluk (2013), and Adak (2014) . In these examples, PV pricing at $6/W could be expected to result in economic savings when compared to the recent fuel expenditures.
Third, many villages appear to show cases where the PV LCOE could be considered marginally or borderline cost competitive, even at the assumed $6/W pricing level and diesel prices reported in 2013 and 2014. In these cases, the solar PV to diesel fuel cost comparison is considered within the level of specificity of these modeling results, so a more detailed investigation could produce results with favorable solar PV economics. These situations include Kasigluk (2013 ), Hughes (2013 ), Tenakee Springs (2013 ), Anaktuvuk Pass (2013 ), and Adak (2013 . Finally, there are a few cases where the diesel fuel prices in some villages are below even the lowest estimated PV LCOE, and a solar PV installation does not appear to be economically competitive at the pricing levels assumed in this analysis. These cases include the villages of Yakutat, Wainwright, and St. Paul.
Importantly, and what is not captured in Figure 13 , is the benefit of price predictability that solar PV can provide from zero fuel costs. As shown previously in Figure 7 and Sidebar 3, diesel fuel prices have experienced significant fluctuations from one year to the next and accurate price projections are difficult to make. Solar PV, by contrast, experiences the vast majority of its costs (with the exception of maintenance expenses) upfront and therefore offers a predictable energy price for the remainder of the system's life-often 20 years or more. Additionally, because PV prices have historically been falling rapidly, a $6/W pricing point that is assumed as a low pricing scenario in the current analysis, could likely be reduced even further in the near future, particularly if the market for solar PV in Alaska begins to mature and efficiencies develop. 25 The full listing of LCOE results can also be found in Appendix B. Results are shown in cents per kWh rather than the equivalent $/kWh. Note that all results are presented in 2014 dollars. 26 The high diesel generation cost for the village of Hughes in 2013 appears as an outlier as significant diesel efficiency gains were reported in 2014 (AEA 2015). 
Conclusion
This analysis compares the cost of installing and operating a moderately sized solar PV system to recent diesel fuel expenditures for electricity generation for several remote villages across Alaska. The high-level results indicate there are plausible scenarios in which PV can be economically competitive with diesel fuel prices at low PV penetration levels. In this analysis, the cases where PV appears economically competitive generally required a combination of (1) high diesel fuel prices (at least 40 cents/kWh), (2) relatively low, for Alaska, PV prices (approximately $6 to $9 per W installed), (3) relatively high, for Alaska, solar production levels (capacity factor of nearly 10% or higher), and (4) the ability to make use of economically valuable tax benefits provided by the federal government. Solar development is likely to be favorable for other Alaskan villages not considered in this analysis but that have a similar combination of characteristics. However, to advance this high-level analysis to more precise estimates and eventually a large increase in deployed solar projects in Alaska, a select number of potential barriers noted previously will require further research or business ingenuity to address. Some of these barriers include, but are not limited to, the following.
• The integration of solar PV with a diesel generator is an ongoing area of study and demonstration.
The simplifying integration assumptions, including seasonal variability, made in this analysis should be revised when better information is available.
• Regulatory and business structures such as how to work with the current PCE formula and how to utilize the valuable federal tax incentives will need to be addressed by the stakeholders involved.
• Further refinements in real-world installation and maintenance costs of large-scale PV systems in rural Alaska will provide more accurate inputs to the economic modeling.
Despite each of the simplifying assumptions made here, this analysis suggests that solar PV-along with fuel and other electricity savings measures-can be economically competitive in many remote Alaskan villages and could have a number of benefits including reducing a village's dependency on diesel fuel, improving electricity price predictability, providing local environmental benefits, and more.
